ABSTRACT. Cambuci (Campomanesia phaea) belongs to the Myrtaceae family and is native to the Atlantic Forest of Brazil. It has ecological and social appeal but is exposed to problems associated with environmental degradation and expansion of agricultural activities in the region. Comprehensive studies on this species are rare, making its conservation and genetic improvement difficult. Thus, it is important to develop research activities to understand the current situation of the species as well as to make recommendations for its conservation and use. This study was performed to characterize the cambuci accessions found in the germplasm bank of Coordenadoria de Assistência Técnica Integral using inter-simple sequence repeat markers, with the goal of understanding the plant's population structure. The results showed the existence of some level of genetic diversity among the cambuci accessions that could be exploited for the genetic improvement of the species. Principal coordinate analysis and discriminant analysis clustered the 80 accessions into three groups, whereas Bayesian modelbased clustering analysis clustered them into two groups. The formation of two cluster groups and the high membership coefficients within the groups pointed out the importance of further collection to cover more areas and more genetic variability within the species. The study also showed the lack of conservation activities; therefore, more attention from the appropriate organizations is needed to plan and implement natural and ex situ conservation activities.
INTRODUCTION
The Atlantic Forest contains 35% of the plant species in Brazil, comprising approximately 20,000 species, but this biome is being degraded and requires conservation. According to the Ministry of Environment (2016) , the biodiversity of the Atlantic Forest is higher than that of some entire continents, including North America (17,000) and Europe (12,500); for this reason, the Atlantic Forest is the highest priority for conservation of world biodiversity. The biodiversity of this forest includes Campomanesia phaea, commonly known as cambuci in Brazil.
Botanically, cambuci belongs to the Myrtaceae family. It is a semi-deciduous plant that can reach 4 to 10 m in height. The leaves are simple, sub-leathery, glabrous, and shiny on the upper surface. It has isolated axillary flowers formed from August to November that produce fruits in the shape of unidentified flying objects (UFOs) (Figure 1 ). The fruits mature from January to April and show green color even under these conditions. The fruit has ecological importance due to its contribution as food for wild animals (Kawasaki and Landrum, 1997; Lorenzi et al., 2006) . Cambuci can be consumed in its natural form or processed as a juice, jelly, or candy. It is also used as an ornamental plant due to the delicate form of its canopy and the exotic nature of the fruit. The only prior study of the fruits revealed a high content of soluble solids and high acidity (Bianchini et al., 2016) .
Despite their importance, wild species are suffering a loss of genetic diversity because of urbanization and agricultural expansion (Johansson et al., 2007; Calaça and Dias, 2010) , and the same is true for cambuci. Although cambuci is an important crop species, research reports on the species are rare. There is little scientific information available to develop conservation activities, sustainable management, and improvement plans for the species (Danner et al., 2011) . This highlights the importance of developing research activities to provide scientific information to the appropriate organizations.
Therefore, the genetic characterization of cambuci is urgently needed. To begin with, the collections found in the germplasm banks should be used. The only germplasm bank for the species is maintained by Coordenadoria de Assistência Técnica Integral (CATI), which is located in the town of São Bento do Sapucaí in the State of São Paulo, Brazil. This collection contains accessions collected from Serra do Mar and Serra da Mantiqueira, the mountainous areas that together occupy an important region of Southeast and South Brazil. According to Carnaval et al. (2009) , Serra do Mar concentrates the greatest genetic wealth and is considered an important center of biodiversity (Aguiar et al., 2003) . Serra da Mantiqueira also has tremendous importance in relation to biodiversity and is considered the eighth most irreplaceable protected area in the world, based on a study done by the International Union for Conservation of Nature (IUCN) (Le Saout et al., 2014) .
Among the tools that could be used to study genetic characterizations are molecular markers. Molecular markers are based on the plant genome and permit fast, high-quality characterization on a large scale (Varshney et al., 2005) . Molecular markers have an advantage over morphological markers in that they are not affected by environmental factors and are more stable (Basha and Sujatha, 2007) .
Among the molecular markers available, the inter-simple sequence repeat (ISSR) is a dominant multilocus interspecific and does not require prior knowledge about the DNA sequence of the plant species under consideration. Therefore, ISSRs are adequate to study the genetic diversity of wild species like cambuci.
There are some reports on the use of the ISSR molecular marker in the Myrtaceae family. Lima et al. (2015) used it to study the genetic structure of five species of this family, including Myrcia laruotteana, Myrcia selloi, Myrcia lajeana, and Myrcia tomentosa. Cheong and Ranghoo-Sanmukhiya (2013) used morphological and ISSR markers in Myrtaceae to study the phylogeny of the genus Syzygium, and observed that Syzygium samarangense is not closely related to other species studied. The ISSR marker has also been used to study genetic diversity in other fruit crop species. Reyes-Alemán et al. (2016) used the ISSR marker to study the genetic relationships within the Persea genus. Jimenez et al. (2015) performed genetic diversity analysis of Brazilian Hancornia speciosa Gomes using ISSR markers. Moraes Filho et al. (2015) used the ISSR marker to investigate the genetic diversity of Metrodorea nigra St. Hill from the Brazilian Atlantic Forest. All these findings demonstrated the efficiency of the ISSR marker for studying the population structure and genetic diversity of wild species.
To our knowledge, there is little information about the genetic structure of cambuci; therefore, this type of research is needed in order to generate information that can aid organizations develop appropriate conservation and breeding strategies for cambuci and consequently benefit the local community.
Therefore, we conducted this study with the objective of examining the population structure and genetic diversity of the cambuci accessions collected from Serra do Mar and Serra da Mantiqueira that are maintained at the germplasm bank of CATI using ISSR markers as well as generating knowledge to aid in the conservation and genetic improvement of the species.
MATERIAL AND METHODS

Plant materials
The Cambuci accessions used in this study were obtained from the seedling production center of CATI, located in São Bento do Sapucaí in the State of São Paulo. The municipality is located in the micro-region of Campos do Jordão in Serra da Mantiqueira, within a latitude of 22°41'20''S, longitude of 45°43'51''W, and altitude of 886 m.a.s.l. The center has a subtropical climate with a mean rainfall between 1600 to 1800 mm, relative humidity of 65%, and mean annual temperature between 12° and 18°C, that reaches 0°C in winter.
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DNA extraction
To extract the genomic DNA, young leaves were collected and packed in paper bags with identification. The leaves were transported to the laboratory and stored in a deep freezer at -80°C until DNA extraction. Genomic DNA was extracted according to the method developed by Nunes et al. (2011) . To verify the quality of the DNA, electrophoresis of sample DNA was performed on a 0.7% agarose gel with the addition of ethidium bromide (0.3 mg/mL), and the results were visualized under UV light using a Vetec photo documenter. The DNA was quantified based on the reading at 260 nm absorbance using a UV/VIS spectrophotometer. In the same sample, a reading at 280 nm was performed, and the ratio of the readings at 260/280 nm was used to verify the quality of the DNA. The samples with a 1.5 to 2 ratio were used for genotyping analysis using ISSR markers.
ISSR molecular marker analysis
As the literature does not report ISSR markers that are polymorphic for cambuci, we used ISSR markers described as polymorphic in other fruit crop species, such as Vitis spp (Moreno et al., 1998; Dhanorkar et al., 2005; Alizadeh et al., 2008) , Olea europaea (MartinsLopes et al., 2007) , and Citrullus lanatus (Amnon et al., 2004) . The motifs, descriptions, and sequences of the 13 ISSR markers are presented in Table 2 . The reaction was realized in a final volume of 25 µL containing 50 ng DNA, 7.5 µL 5X reaction buffer, 1.5 mM MgCl 2 , 200 µM of each dNTP, 0.8 µM primer (Sigma, USA), and 2.4 U Taq DNA polymerase (Go Taq Flexi, Promega, USA). PCR was performed using a gradient thermocycler (Multigene Gradient, Labnet International, USA) programed with an initial denaturation of 2 min at 95°C followed by 40 cycles of denaturation at 95°C for 45 s with a variable annealing temperature for 1 min, depending on the primer, and primer extension at 72°C for 2 min. The final extension was realized at 72°C for 5 min. For each primer, two independent amplifications were performed to test the reproducibility of the primers.
The amplified product was submitted to electrophoresis on a 1.5% agarose gel with the addition of ethidium bromide (0.3 mg/mL), immersed in 1X TBE buffer for 4 h under a voltage of 110 V, and subsequently photographed using a Vetec photo documenter equipped with a UV light detector.
Statistical analysis
The PCR product of each ISSR primer was codified in a binary matrix with 0 as the absence of the band and 1 as the presence of the band and subjected to further statistical analysis. To understand the efficiency of each ISSR primer, the number of polymorphic bands (NPB), polymorphic information content (PIC), and mean resolving power (MRP) were estimated according to Anderson et al. (1993) and Kayis et al. (2010) . In addition, the heterozygosity (H) and Shannon Information Index were estimated for the populations using the PopGen software (Yeh and Boyle, 1997) .
To understand the population structure of the cambuci accessions in a twodimensional graph, principal coordinate analysis (PCoA) was performed using GeneAlex version 6.5.2 (Peakall and Smouse, 2006) . In addition, the R package adegenet DAPC (Jombart, 2008) was employed to perform discriminant analysis among cambuci accessions based on the ISSR marker data.
Bayesian model-based clustering analysis for the 80 accessions was carried out using the Structure 3.4.3 software (Pritchard et al., 2000) with 10,000 burn-in and 100,000 Markov Chain Monte Carlo iterations for the admixture, and allele-correlated models were employed for k = 1 to 10 (K = groups numbers formed according to the Structure software). Finally, the output from this result was subjected to Structure Harvester (Earl and vonHoldt 2012) to determine the appropriate number of clusters according to the method proposed by Evanno et al. (2005) .
RESULTS
ISSR molecular marker analysis
The 13 ISSR markers used to study the genetic diversity and population structure of the cambuci accessions produced 82 polymorphic bands, with an average of 6.3 bands per primer. The estimated value of PIC for the 13 primers was higher for primers UBC 850 (0.476) and UBC 856 (0.455) and lower for UBC 827 (0.362) ( Table 3) . With the exceptions of UBC 823, 827, and 849, the primers all exhibited a high PIC value that demonstrated their efficiency in discriminating the cambuci accessions in this study. NPBs produced per primer ranged from four (UBC 810 and UBC 850) to nine (UBC 809) (Table 3 ). There was no strong correlation between the PIC value and the NPB, since primer UBC 850, which had the lowest NPB, produced the highest PIC (Table 3) .
The ISSR primers with high PIC values also had high MRP (Table 3) , suggesting a strong positive correlation between these parameters. Primer UBC 850, which had a high PIC value (0.476), also showed high mean resolving power, indicating that this primer was more efficient at discriminating the cambuci accessions in this study. The MRP is the parameter that indicates the efficiency of a primer at discriminating the samples under observation and can be used as a selection criterion for efficient primers to use in studying the genetic diversity of a given species. In this study, primer UBC 850 was most efficient at differentiating and clustering the cambuci accessions into groups. In addition, ISSR primers UBC810, UBC 856, UBC 857, and UBC890 produced higher MRP (Table 3 ) than the others, indicating that these primers can also be considered efficient for studying the genetic diversity of cambuci accessions. The strong and significant positive correlation between the PIC values and MRP of the primers (r = 0.979) indicates that one of these parameters can be used to select primers with discriminating capacity in future studies. The regression analysis of the PIC and MRP values confirmed this significant and strong positive relationship between them, with R 2 = 0.956.
Genetic diversity and population structure analysis among cambuci accessions
PCoA was employed to elucidate the genetic diversity patterns of the cambuci accessions in a two-dimensional plot using GenAlex version 6.5.1. The PCoA of the 80 accessions of cambuci based on the ISSR marker showed the existence of considerable genetic diversity among them (Figure 2 ). The 80 accessions can be grouped into three clusters based on the PCoA (Figure 2) , where the small group of accessions is separate and located on the left side of the graph and the two large groups are the right side of the graph. Based on the PCoA, the first two principal coordinates explain about 35% of the total variation. The grouping pattern observed in the PCoA is in accordance with the collection locations indicated by the gene bank managers. In order to support the PCoA analysis, another multivariate discriminant analysis was also performed using the R package adegenet DAPC. It produced similar groups, corroborating and confirming the results of the PCoA (Figure 3) .
Bayesian model-based clustering analysis, which was performed using Structure software, grouped the 80 accessions into two principal clusters (K = 2) (Figure 4 ) with some accessions having mixed genetic makeup from the two groups. Even if the appropriate number of clusters defined based on this method was k = 2, some accessions showed some type of admixture from each group ( Figure 5 ). In the bar graph of the individual accessions (Figure 5) , most of the accessions are grouped in cluster II (green), and only 12 accessions are grouped in cluster I (red). Most of the accessions were grouped based on a membership coefficient (q) of greater than 80%, the appropriate cut-off value recommended by Pritchard et al. (2000) . The grouping pattern produced by Structure clustering analysis showed only a small number of accessions in group I (red, 12), with most of the genotypes clustered in group II (green). This grouping pattern is in agreement with the results of the PCoA, since the same genotypes were grouped in the same clusters with Bayesian model-based clustering as with PCoA ( Figures  2 and 5) . The accessions in group I (red) in Structure clustering are located at the far left corner of the PCoA, whereas the accessions in group II (green) are located on the right side of the PCoA (Figure 2 ). Those accessions with high admixture in Figure 5 are located in the center of the PCoA graph. In summary, the two methods of clustering produced similar grouping patterns in this study. In addition, the two principal groups formed using the two clustering methods showed that these accessions were likely collected from the two principal regions of the Atlantic Forest (Serra do Mar and Serra da Mantiqueira), as suggested by the gene bank managers.
DISCUSSION
ISSR marker analysis
The 13 ISSR primers used in this study were able to detect considerable genetic diversity among cambuci accessions. ISSR markers have been used to study the population structure of Myrtaceae species by various authors. Brandão et al. (2011) used ISSR markers to study Myrtaceae species and observed seven to eleven polymorphic loci per primer, similar to the results of our study.
In our study, most of the ISSR primers used produced high PIC values (>0.4), thus demonstrating their efficiency at discriminating and investigating the genetic diversity among cambuci accessions. The efficiency of ISSR markers for studying genetic diversity and population structure has also been reported by Kayis et al. (2010) . Similar to our study, they observed strong positive correlation among the PIC values and MRP of the primers. This showed that these two parameters can be used as selection criteria for ISSR primers to study the genetic diversity and population structure of a given species. The only disadvantage observed with the use of the ISSR markers is the necessity of realizing two independent amplifications for each primer, which requires time and resources. However, this step is an important one, since it ensures the reproducibility of the primers and ensures the quality of the study results.
Genetic diversity and population structure analysis among cambuci accessions
In general, the ISSR molecular markers showed low to medium genetic diversity between cambuci accessions. The low genetic diversity reported in this study was found even when the genetic material was collected from the center of diversity for the species. This could be due to an inappropriate collection strategy including only accessions with similar genetic background. Similar to our study, ISSR markers have been employed to investigate the genetic diversity of various species within the family Myrtaceae. Ballesta et al. (2015) used ISSR markers to study genetic diversity in populations of Eucalyptus cladocalyx and found low genetic diversity among the studied genotypes. In contrast, Hue et al. (2015) used ISSR markers to investigate genetic diversity in Rhodomyrtus tomentosa and observed a high level of genetic diversity.
PCoA (Figure 2 ) classified the 80 cambuci accessions into three groups, whereas Bayesian-based clustering analysis (Figures 4 and 5) clustered them into two groups. The difference in the grouping pattern of the two methods of clustering may be attributed to the difference in statistical properties between them. More precisely, it may be due to the different principles adopted in each technique, which shows the importance of exploring different methods of analysis to confirm the veracity of the results. Even though the Bayesian-based clustering analysis grouped the accessions into two groups, in reality, there are some accessions that combine the two genetic backgrounds; these are considered the third group in the PCoA and are located in the center of the graph (Figure 2) .
The highest membership coefficient value (above 90%) presented by each accession ( Figure 5 ) shows strong similarity within the group. This indicates the duplication of some accessions in the gene bank. In addition, this result supports the hypothesis of the gene bank managers that these accessions were probably collected from the two principal regions of the Atlantic Forest (Serra do Mar and Serra da Mantiqueira). The small number of cluster groups formed using the PCoA and structure clustering analysis indicates a problem in the sampling process during collection. Since this species is native to the Atlantic Forest, and this is considered the center of diversity, we should expect a high level of genetic variability among the accessions in this study. This highlights the importance of planning new collection strategies in the future to ensure maximum genetic variability in cambuci accession samples. According to Calaça and Dias (2010) , the low genetic diversity in the Atlantic Forest is due to rapid fragmentation and agricultural expansion in the region. Environmental fragmentation erodes the neutral and adaptive genetic diversity in a population and causes reductions in population size and interpolation connectivity (Johansson et al., 2007) . This was also observed in our study, with the low genetic exchange among the accessions in different groups likely a result of the lack of forest corridors among these populations. Dixo et al. (2009) reported that the effect of fragmentation can be strong if fragment size is small because it can reduce population size and result in the extinction of the species under consideration. Therefore, the results reported here demonstrate the importance of urgent implementation of conservation activities to preserve the cambuci species.
Similarly, a general review report on the impact of agricultural expansion on genetic diversity in tropical and subtropical regions of the world by Laurance et al. (2014) showed the impact of agricultural activity expansion in tropical forests, including the Atlantic Forest in Brazil, where cambuci is found. It also highlighted the loss of the genetic diversity in the plant and animal species reported in this region. Ribeiro et al. (2009) reported that the alarming rate of fragmentation of Atlantic Forest in Brazil has resulted in high genetic fixation among the populations of species in the forest. The authors also found a lack of conservation strategies by the organizations responsible for this important biodiversity. This biome harbors many important species like those that belong to the family Myrtaceae that have economic and social value to the local community. Our report also supported this finding, since most of the accessions were clustered in two major groups, which is not expected for accessions collected in their natural habitat.
In other species of Myrtaceae from Brazil, Telles et al. (2003) confirmed a low degree of differentiation due to the lack of forest corridors between populations to permit the flow of genetic material from one part of the region to other. In our study, we observed a high fixation index within the cluster groups that supports this conclusion. Thus, to facilitate genetic exchange and recover the genetic diversity of cambuci, it is necessary to create conservation activities that can facilitate genetic exchange among the populations of Serra da Mantiqueira and Serra do Mar. These two populations should also be the focus of national conservation and breeding programs, because they contain rich genetic diversity that can ensure genetic gain and future breeding success for this species.
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